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Defect Thermochemistry and Phase Stability in PuO,.,

ABSTRACT: Based on a thermochemical model of defect formation, the concentration of
various types of defects and the non-stoichiometry of PuQ,, are calculated as functions of
temperature and partial pressure of oxygen. The model is able to predict oxygen diffusivity for
temperatures in the (900, 1400) °C range and oxygen pressure (1,10%*) atm. Comparison with
experimental data shows that the model describes non-stoichiometry and oxygen diffusivity well.
The calculated free energy of non-stoichiometric plutonia is used to derive the high oxygen, high
temperature, region of the Pu-O phase diagram, which is still subject of controversy. The
thermochemistry of PuQO,., if any, is also discussed.
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ABSTRACT

Thermochemical models of PuO, , are necessary for prediction of oxidation-reduction of Pu-
based alloys and for the design of better oxide nuclear fuels. The type and defect formation
mechanism determine the alloy performance while kinetic properties of point defects goven
radiation tolerance and fission gas release. Oxygen diffusion is also important in optimizing
surface properties. Together with the phase stability, diffusion governs the non-stoichiometry of
the alloy. Modeling the defects and the mobility of oxygen opens a path to the modeling of the
more complex phenomena, such as ageing. Although the Ce-O and Pu-O phase diagrams are
still controversial in the high temperature region, there is a consensus regarding the existence of
fluorite (f.c.c.) phases in the region x < 0.3 and 1000 < T <2000 K.

A thermochemical modei of defect formation in CeO,,, and PuO, , was developed and
implemented in a computer program able to predict the concentration of various types of defects
and the non-stoichiometry as functions of temperature and partial pressure of oxygen. The
model is based on five types of defects: polarons, singly and doubly-charged oxygen vacancies,
singly-charged metal-oxygen vacancy complexes, and neutral oxygen vacancy complexes. The
same program was used to calculate the oxygen chemical and self-diffusivity in CeO,,, and
PuO, , for temperatures of (1200, 1700) K and oxygen pressures (1,1025) atm. The model is
currently used to determine the oxygen chemical potential as a function of oxygen partial
pressure and temperature, as part of a new calculation of the Ce-O and Pu-Q phase diagrams.
The approach wiil be extended to UO,,,, taking into account the specific defect types.
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The role of Models and Simulations in
Advance Fuel Cycle Initiative (AFCI)*

+  Multi-scale models e TR
. Fabrication Model Tests
~ Electronic Structure (lab-scale) (for trends)
~ Atomic scale 7 ¢
= Comtinme Characterization s
+ Science-Based methods to "9
replace empirical correlations Models
R Y R P AT
~  Quantum Mechanics (constitutive)
A : Thermal Reactor
Mollec.ular Dynarm.cs Wradistion vL
— Statistical Mechanics (small scale Continuum
~ Non-Equilibrium & targeted) (constitutive)
Thermodynamics
» Improved Fuel Performance
Codes PIE Out-of-pile
Tests

*Courtesy of Kemal Pasamehmetoglu (LANL)
This work was performed under the auspices of the U. S. A
Department of Energy, the Advance Fuel Cycle Initiative program.
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Pu-O Diagram is uncertain (cont.)
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A new approach

Multi-Scale Models and
Simulations.

All types of defects must
be taken into account.

Homogeneous, isotropic
properties, for now.

Electronic Structure
(Quantum Mechanics)

Inter-Atomic Potentials
(Molecular Dynamics)

Estimate defects free energy
(Thermodynamics)

Model defects concentration
non-stoichiometry and
oxygen diffusivity

|

Simulate oxygen diffusion
(Finite Element Method)

Validate using TGA
(Thermal Gravimetric Analysis)
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Defect Thermodynamics
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CeO,_, as a Surrogate for PuO,_
Blue circles — calculated (this work);
black open triangles, squares, and circles — calculated [1];
red triangles, squares and circles - experimental [2-6]

» Same fluorite structure.
» Similar defect types.
« Similar Gibbs free

10°

energy of the fluorite 10°
phase. &

. Similaf free energy of ‘g
formation. M 4o

« Similar temperature and
concentration intervals

of stability. 10°
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[1) A Nakamura, J. Nucl. Mater, 201 (1993) 17-26. (2] T. L. Markin and M. H. Rand, Thermodynamics; Proc. IAEA, Vienna, Vol. I,
1966, pp. 145. [3] Gi. C. Swanson, Los Alamos National Laboratory Report (LA-6063-T), 1975. (4] L. M. Atlas and G. J. Schichman, e

Proc. IAEA, Vienna, Vol. II, 1966, pp. 407. [5] O. T. Sorensen, in Plutonium 1975 and other actinides, North-Holland Pub. Co.,
Amsterdam, 1976, p. 123, [6] R. E. Woodley, J. Nucl. Mater., 96 (1981) 5-14.




Defect Interactions in CeO,_,'
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Subscript assignments: 1->Ce'c, ; 2->VO™ ; 3->V0* ; 4->(CeVo)* ; 5->(CeVo)* ; 6->Ce*;, 7->0%,

X; (Q= Oe)
Neutral Ce’, - V,*
complex

'S. Ling, Phys. Rev. B 49 (1994) 864,

?F. A. Kroger and H. J. Vink, in Solid State Physics: Advances in Research and Applications,
edited by F, Scitz and D. Tumbull (Academic, New York, 1956) 3, 307.
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Relative Contribution of Oxygen Defects in CeO, '

» Relatively high partial
pressure, low defect
concentrations,close to
CeO,

— Oxygen vacancies

» Low partial pressure, high

defect concentration
— Neutral complex

'P. Cristea and M. Stan, submitted to Phys. Rev. B., 2004.
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Oxygen Diffusivity in CeO,_,

Estimate the free energy of
formation of various defect types
in CeO, ,

}

Model conductivity
and non-stoichiometry
in CeO,,

}

Determine the free energy of formation
of various defect types

}

Model the diffusivity of oxygen
in CeO,

}

Simulate diffusion of oxygen
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Oxygen defiaency

Calculated oxygen self-diffusivity in CeO, , as a function of
non-stoichiometry (x) and temperature (rcd) and
comparison with experimental data' (blue).

in CeO, -
™
IB. C. H. Steele and J. M. Floyd, Pr. Br. Ceram. Soc. 19 (1971) 55-71. . LosAla;ngs

TGA Model Assumptions
(1) The oxygen is uniformly distributed in the sphere at the initial

time (t = 0).

(2) All spheres are of same radius, R.
(3) The radius does not change during the diffusion process.

(4) The rate of mass exchange is proportional to the difference
between the final concentration of the environment (C;) and the
concentration at the surface of the sphere (C;):

aM
—=a(C,-C

where M is the amount of diffused substance

per unit area.

C,=18.6 wt.% (phase diagram, 1100 °C)

C.= 168 wt.% (TGA, 1100 °C)

Fa)
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Oxygen Diffusion in CeO,_

Model
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IM. Stan, Y. T. Zhu, H. Jiang, and D. P. Butt, J. Appl. Phys., 95 (2004) 3358-61.
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Calculated High Temperature Ce-O Phase Diagram’

« Phase diagram under
development.
*  Two methods combined:

— Temperature integration
of oxygen partial pressure
experimental data

— Calculation of free energy +
from defects
+ Lack of experimental data
at high temperatures.
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'M.Stan, T. C. Wallace, Sr., and P. Cristea, in preparation for J. Amer. Ceram. Soc., 2004.
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Relative Contribution of Oxygen Defects in PuO,_'

+ Low defect concentrations,
close to CeO,.
~ doubly charged oxygen
vacancies
» Intermediate defect
concentration.
— singly charged oxygen
vacancies
» High defect concentration
— Neutral complexes:
polaron + singly charged
oxygen vacancy
« Defect concentration
increases with temperature.
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'M. Stan and P. Cristea, submitted to J. Nucl Mater., 2004, %‘“ lamos
Oxygen Diffusivity in PuO,_
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Model the diffusivity of oxygen
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}

Simulate diffusion of oxygen
in PuO,_,

Calculated oxygen self-diffusivity in PuO, _ as a function of
non-stoichiometry (x) and temperature.
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Free Energy of PuO,_

Excess Gibbs free energy due to defects 4

AG™(T,x)

|

Gibbs free energy of formation of PuO,
AG[, (T,x)=AG[ (T)+AG™(T,x)
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Extension to UO,,, ©, o v
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+ Results using the MO, / Jog (PO
formalisms are wrong
and misleading. \
» New types of defects must
be included
— U vacancies
— O interstitials
— New complexes
* A new model is in progress.

Oxygen self-diffusivity (cm?/s)
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CONCLUSIONS

* The type and defect formation mechanism determine the alloy performance .
* A thermochemical model of defect formation in CeO, , and PuO,__ was
developed and implemented in a computer program able to predict the
concentration of various types of defects and the non-stoichiometry as functions of
temperature and partial pressure of oxygen.

» The model is based on five types of defects: polarons, singly and doubly-
charged oxygen vacancies, singly-charged Pu-oxygen vacancy complexes, and
neutral oxygen vacancy complexes.

+ The same program was used to calculate the oxygen chemical and self-
diffusivity in CeO,_, and PuO,, for temperatures of (1200, 1700) K and oxygen
pressures (1,10-2%) atm.

» The model is currently used to determine the oxygen chemical potential as a
function of oxygen partial pressure and temperature, as part of a new calculation
of the Ce-O and Pu-O phase diagrams.

+ The approach will be extended to UQ,,,, using a different set of defect types.
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